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Abstract 
Building Integrated Photovoltaic/Thermal (BIPV/T) collectors take up the role of energy and heat production, while acting as a 
rain-screen cladding. A multiple inlet BIPV/T system counters the effect of high temperature stratification on the PV layer, by 
enhancing the convection inside the air channel with the introduction of more than one openings for the intake of fresh air that 
break up the surface boundary layer. To investigate the uniformity of heat extraction from the PV panels, the fluid mechanics of 
the system are studied separately from the thermal effects. A numerical flow distribution model, which incorporates wind effects, 
is introduced for the optimal design of multiple inlet systems so as to have flow rates through each inlet that maximize the heat 
extracted from the PV panels. 
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1. Introduction
Multiple inlet open loop BIPV/T systems draw air from the environment through distributed inlets, in order to
enhance heat recovery from the PV panels by breaking up the boundary layer that forms under the panels. A related 
paper by the same team [1] focuses on the electrical and thermal modelling. The present study investigates how 
uniform heat extraction from the PV panels of a multiple-inlet BIPV/T system translates in terms of air intake from 
the openings and flow distributions inside the air channel of the system. The main factors affecting the air flow 
inside the channel are the suction induced by the variable speed fan of the system, the inlet and channel geometry 
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and the external wind. Buoyancy is to be further studied and is assumed to be of negligible effect, for the flow rates 
of interest, as the air channel is of small width and it has also been observed so by measurements in the Solar 
Simulator of Concordia University. Previous studies have shown that the major factor that affects the airflow inside 
the BIPV/T air channel is the fan induced suction [2]. A numerical model is introduced for the calculation of the 
inflows through the openings, which also takes into account the wind effects in the form of external pressures, and is 
built based on a nonlinear Resistance-Circuit analogy. 
This flow distribution model will be integrated with the system energy balance model [1] so that an integrated 
tool that describes the multiple-inlet system performance will be created. Through that, the optimal inflows for 
uniform heat extraction can be calculated and the geometric features of the system sized. 
The flow distribution model applies to a single row of n panels, incorporating the wind effects in the form of 
external pressures. These pressures were measured at Concordia University Boundary Layer Wind Tunnel, for a 
1:400 scale model of an office building, for various angles of attack of oncoming wind. Also, air velocities measured 
will be used for the calculation of convective heat transfer coefficients (CHTC) for the thermal model. Since the 
pressures are known, there is no need to solve the Navier-Stokes equations for the calculation of the inflows of the 
openings. However, a CFD study would show in more detail the flow distributions inside the air channel. A similar 
model was developed by Dymond et al [3] for the flow distributions inside the air channel of an unglazed transpired 
collector (UTC) wall, employing a pipe network model, with the exclusion of wind effects, assuming that their effect 
on the airflow in the UTC plenum is negligible in relation to the fan induced suction. 
2. Multiple inlet BIPV/T
The concept of a BIPV/Thermal collector is the removal of heat from the back surface of the PV panels, and use
of it for interior space conditioning, domestic hot water etc. while also improving the electrical efficiency of the 
system by cooling the panels. A typical BIPV/T system consists of the PV layer, the air channel, or plenum, where 
air circulates, structural attachments to link the PV to the insulation and the interior wall layers [4], while the air is 
drawn with the assistance of a fan. The efficiency both from thermal and from electrical point of view has been 
investigated and validated through various studies, for both residential [5] and institutional application [6], including 
experimental   [6, 7] and CFD [2, 4, 8 and 13] studies.  
However, air based systems suffer from low heat exchange effectiveness in general [12], due to air’s low specific 
heat capacity. For the typical BIPV/T system where air enters from an inlet located at the bottom of the installation, 
while the air channel is of considerable length, high temperature stratification may take place along the height of the 
installation on the PV layer, with top panels reaching temperatures in the order of 70oC [7]. The introduction of fins 
has been found to reduce cells temperature from 84oC to 62oC [9]. Another strategy that can be employed in order to 
counter the effect of high temperature stratification and to enhance the heat exchange effectiveness between the PV 
panels and the air circulating in the plenum is the introduction of multiple openings along the height of the PV array. 
Fig. 1. Multiple inlet system schematic. 
The performance of a two inlet experimental PV/T intended for inclined roof mounting was studied by [7] and 
was compared to a single inlet sample of the same PV area. It was found that for the two inlet model there was a 5% 
increase in the thermal efficiency and a marginal increase in the electrical efficiency, while the peak temperature of 
the panels was 1.5oC lower for the specific configuration studied. It was expected that for a large installation, these 
differences would be far greater. Athienitis et al [6] studied a hybrid UTC/PV system, which is installed at the 
JMSB building of Concordia University in Montreal. About 70% of the UTC area was covered with PV panels, thus 
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introducing a prototype BIPV/T. The combination of produced heat and electricity by far exceeded the efficiency of 
a typical UTC system.  In [6], uniform suction throughout the hybrid system’s area is assumed
3. Investigation of air flow distributions
As already mentioned, the goal of this study, from a fluid mechanics point of view, is to achieve such a flow
through the air intakes so that the heat removal from all panels is approximately uniform. The system must be 
designed in respect to the main factors that may affect the flow of air inside the air channe, namely: 
• Air collection rate
• Opening geometry for air intake
• Air channel geometry (contractions, expansions etc.)
For a detailed view of the flow distributions inside the air channel, a CFD simulation would provide good 
visualization, however, it would cost a lot of time and computational power, while a simple numerical model can 
provide insight for design purposes as far as the size and number of panels, as well as the geometry of the openings 
are concerned. 
4. Experimental measurements
4.1 Solar Simulator 
An experimental model consisting of three PV panels and three openings for the intake of air was created and 
tested at Concordia University Solar Simulator. The solar simulator is a testing facility for solar systems, which may 
provide accurate and repeatable test condition in terms of solar radiation, external wind and ambient temperature.  A 
rotating platform allows subjects to be tested at angles ranging from 0o to 90o. An artificial sky is placed between the 
lamp field and the test platform so as to negate the effect of the infra-red radiation produced by the lamps and 
simulate the real sky condition. The PV panel dimensions are 0.5m x 1.0m and the opening for each panel is 
approximately 1% of its area. The air channel’s height is 0.1m, with contractions at the back part of each panel’s 
frame of 0.04m. The subject was tested for its electrical and thermal performance, which were found equivalent to 
those of the hybrid UTC/PV of [6], and also flow measurements were carried out with a hot wire flow meter at the 
back part of each panel’s frame where the flow converges. Further details on the experimental setup and procedure 
can be found in [1]. 
The flow measurements were performed for various flow rates of the air collector, angles of placement of the 
subject (0o, 45o and 90o inclination) and with or without irradiation and external wind. From the measurements, it 
was observed that the inclination did not affect the flow distributions and so was the case for the measurements with 
and without irradiation. However, the flow measurements were limited due to the available equipment (hot-wire 
velocity meter) and were performed at one single location for each panel, namely, in the middle of the gap created 
by the back part of the frame of each panel and the back insulation, where the flow is expected to converge and 
become less turbulent. More detailed measurements will be carried out in the next set of experiments, using more 
flow points to better capture the velocity profile, as well as pressure measurements to more accurately observe the 
pressure drops inside the air-channel.  
4.2 Wind Tunnel 
A 1:400 scale model of a high rise office building was built and tested at Concordia University Boundary Layer 
Wind Tunnel [14]. Velocity and pressure distributions were acquired for the top section of the building’s façade, 
where a multiple inlet BIPV/T system was supposed to be placed. The measurements were carried out for various 
angles of attack of oncoming wind. The velocity field was used for the assessment of the external CHTC for the 
energy balance model, while the pressure field was used for the incorporation of external wind effects in the form of 
external pressure differences. A non-uniform velocity and pressure field was assumed for the entire area of interest, 
following the results of [10] and [11] showing that velocity distributions vary both for vertical and horizontal 
surfaces of wide area, due to external wind, with resulting effects on the performance of thermal collectors placed in 
these locations. 
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5. Numerical model for flow distributions
A numerical model was created for the calculation of the inflows through the openings of the system, based upon
a resistance-circuit analogy. In this instance, the flow of air from node to node is the analogous to current, with the 
pressure difference between nodes being analogous to voltage difference. A schematic of the network is shown in 
Figure 2. 
Fig. 2. Resistance-circuit analogy for system’s airflow. 
The main principles upon which the model is developed are: 
• Mass conservation: The sum of inflow through each of the n openings equals the total mass outflow
defined for the air collector (2)
• Energy conservation: The summation of pressure drops for each of the n-1 closed loops equals to zero
(5), (6)
The pressure between two nodes is defined in (1) as: 
P Q RΔ = ⋅ (1) 
where Q is the airflow rate and R is the resistance met by the flow, between the two nodes. The external pressures 
Pn at the external nodes were measured through wind tunnel testing and represent the effects of external wind. At no 
wind conditions, these external pressures are defined as 0 gauge pressure. 
There are two types of resistances and these are defined as: 
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where K1, K2, K3 and K4 are loss coefficients for entrance, sudden expansion, sudden contraction and sudden 
expansion respectively and f is the friction coefficient for the air channel, calculated empirically for Re<50.000 as 
given in [13]. The resulting equations include one mass conservation equation (4) and n-1 energy conservation 
equations for each of the n-1 loops created (5): 
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If pressure drops in (5) are substituted using the resistances from (1) and (2), equation (5) becomes: 
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With the above, a system of n equations is formed with n unknown flows, while the inputs of the model include: 
• Geometric features: dimensions of openings, air channel, contractions etc. for the calculation of friction
and geometric losses.
• Mass outflow of the air collector.
• Pressure at the openings, as measured in the wind tunnel for representation of external wind, or 0 gauge
pressure for no wind conditions.
6. Results and discussion
The flow distribution model was applied for the experimental case of the three-panel BIPV/T with three intakes,
which was tested at the Solar Simulator facility of Concordia University. The results of the model were compared to 
the measurements taken with the hot wire velocity meter at the three flow points, at the back part of each panel – see 
Figure 3. Locations 1, 2 and 3 are the flow points at the back of panel 1,2 and 3 respectively. Flows on the y-axis are 
normalized by the maximum outflow (that of location 3): 
Fig. 3. Normalized mass flows at the back of each panel of the 3-inlet subject for three angles of placement in the solar simulator  
The specific results are for cases where no external wind and no irradiation were involved, as the recreation of 
wind effects at the Solar Simulator is not accurate, while the effects of fan induced suction and the plenum’s 
geometry were under investigation. The measurements were carried out for three total mass flow rates 100kg/h, 
200kg/h and 300kg/h for each angle of placement. The model requires further calibration, however it may provide 
adequate results for an initial estimation. 
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7. Summary and Conclusion
This study is part of an investigation of the performance of a multiple-inlet BIPV/T system, focusing on the fluid
mechanics of the system. A numerical model was developed for the calculation of air inflow through the inlets of the 
system, taking into account the geometric features of the system, the air collector flow rate and the external wind in 
the form of external pressures. From the comparison of measured data for no external wind and no solar irradiation 
conditions with the simulated results, the model has been found to provide adequate estimation of the inflows. This 
is to be integrated with an electrical/thermal model and thus provide the optimum inflows for uniform heat 
extraction from all PV panels. A more detailed future model will incorporate the effect of buoyancy and infiltration 
from the panels frame. 
Nomenclature 
P pressure (Pa) 
ǻP pressure difference (Pa) 
Q mass flow (kg/h) 
R resistance to flow (kg/m2/s) 
A area (m2) 
K1 entrance loss coefficient 
K2, K4 sudden expansion loss coefficient 
K3 sudden contraction loss coefficient 
f friction factor 
L channel length (m) 
D hydraulic diameter (m) 
ȡ density (kg/m3) 
Re Reynolds number 
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